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REVIEW
Pollen DNA barcoding: current applications and future
prospects1
Karen L. Bell, Natasha de Vere, Alexander Keller, Rodney T. Richardson, Annemarie Gous,
Kevin S. Burgess, and Berry J. Brosi
Abstract: Identiﬁcation of the species origin of pollen has many applications, including assessment of plant–pollinator
networks, reconstruction of ancient plant communities, product authentication, allergen monitoring, and forensics.
Such applications, however, have previously been limited bymicroscopy-based identiﬁcation of pollen, which is slow,
has low taxonomic resolution, and has few expert practitioners. One alternative is pollenDNA barcoding, which could
overcome these issues. Recent studies demonstrate that both chloroplast and nuclear barcoding markers can be
ampliﬁed from pollen. These recent validations of pollenmetabarcoding indicate that now is the time for researchers
in various ﬁelds to consider applying these methods to their research programs. In this paper, we review the nascent
ﬁeld of pollen DNA barcoding and discuss potential new applications of this technology, highlighting existing limita-
tions and future research developments that will improve its utility in a wide range of applications.
Key words:DNAmetabarcoding, metagenomics, pollen, palynology, high-throughput sequencing, next-generation
sequencing.
Résumé : L’identiﬁcation de l’espèce a` l’origine d’un pollen se prête a` de nombreuses applications dont la description
des réseauxplante–pollinisateur, la reconstructionde communautés deplantes anciennes, l’authentiﬁcationdeprodu-
its, la surveillance des allergènes et les enquêtes médicolégales. Cependant, ces applications ont précédemment été
limitées a` l’identiﬁcation du pollen par examenmicroscopique, un processus lent, a` faible résolution taxonomique et
qui compte peu de praticiens experts. Une alternative est l’identiﬁcation du pollen par le recours aux codes a` barres de
l’ADN, une avenue qui permettrait de surmonter plusieurs de ces limitations. De récentes études ontmontré qu’il était
possible d’ampliﬁer les marqueurs de codage tant chloroplastiques que nucléaires a` partir du pollen. Ces récentes
validations du métacodage a` barres chez le pollen indiquent qu’il est maintenant opportun pour les chercheurs dans
divers domaines de considérer l’emploi de ces méthodes dans leurs programmes de recherche. Dans cet article, les
auteurs passent en revue le domaine naissant du codage a` barres du pollen et discutent des nouvelles applications
potentielles de cette technologie enmettant en lumière les limitations existantes ainsi que de futurs développements
qui pourraient accroître son utilité dans un grand nombre d’applications. [Traduit par la Rédaction]
Mots-clés : métacodage a` barres, métagénomique, pollen, palynologie, séquençage a` haut débit, séquençage de
nouvelle génération.
Background and potential of pollen DNA
barcoding
The ability to identify plant species based on their
pollen has a multitude of applications across ﬁelds as
diverse as pollination biology, forensics, and allergen
monitoring, but in the past, technical limitations have pre-
vented its use in most ﬁelds. Traditional techniques of pol-
len identiﬁcation rely on a high level of expertise and time-
consuming examination of morphological characters on
the pollen exine, typically with low taxonomic resolution
Received 30 November 2015. Accepted 8 February 2016.
Corresponding Editor: Michelle Van der Bank.
K.L. Bell and B.J. Brosi. Emory University, School of Environmental Sciences, Atlanta, GA, USA.
N. de Vere. National Botanic Garden of Wales, Llanarthne, United Kingdom.
A. Keller. Department of Animal Ecology and Tropical Biology, University of Würzburg, Würzburg, Germany.
R.T. Richardson. Department of Entomology, The Ohio State University, Columbus, OH, USA.
A. Gous. Biotechnology Platform, Agricultural Research Council, Pretoria, South Africa; School of Life Science, University of KwaZulu-
Natal, Pietermaritzburg, South Africa.
K.S. Burgess. Columbus State University, Columbus, GA, USA.
Corresponding author: Karen L. Bell (email: karen.bell@emory.edu).
1This paper is part of a special issue entitled Barcodes to Biomes.
Copyright remains with the author(s) or their institution(s). This work is licensed under a Creative Commons Attribution 4.0 International License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in anymedium, provided the original author(s) and source are credited.
629
Genome 59: 629–640 (2016) dx.doi.org/10.1139/gen-2015-0200 Published at www.nrcresearchpress.com/gen on 13 April 2016.
G
en
om
e 
D
ow
nl
oa
de
d 
fro
m
 w
w
w
.n
rc
re
se
ar
ch
pr
es
s.c
om
 b
y 
A
BE
RY
ST
W
Y
TH
 U
N
IV
 M
A
TE
RI
A
LS
 A
CQ
 on
 02
/17
/17
Fo
r p
er
so
na
l u
se
 o
nl
y.
 
(Rahl 2008). Although some of these issues could poten-
tially be overcome with automated analysis of digital mi-
crographs of pollen (Holt and Bennett 2014), the lack of
morphological characters for species-level taxonomic reso-
lution in many plant groups will remain a limitation (Rahl
2008; Salmaki et al. 2008; Khansari et al. 2012). These issues
could be resolved using new DNA barcoding technologies,
making palynological information available to a broader
range of studies.
Over the past decade, the power of DNA barcoding has
opened up new ﬁelds in taxonomic, ecological, and evo-
lutionary research by facilitating species identiﬁcation.
For animals, DNA barcoding is deﬁned as the sequencing
of a standardized barcodemarker (the COI gene region of
themitochondrial genome) that shows speciﬁcity within
a species and variability between species (Hebert et al.
2003a, 2003b; Borisenko et al. 2009; Janzen et al. 2009). In
plants, three regions of the chloroplast genome (rbcL,
matK, and trnH-psbA) as well as the nuclear ribosomal ITS
region have been widely used as DNA barcodes, either
separately or in combination (Fazekas et al. 2008; CBOL
Plant Working Group 2009; Fazekas and Kesanakurti
2009; Chen et al. 2010; Hollingsworth et al. 2011). For the
most part, these barcodes yield relatively high species
discrimination, particularly at the regional scale, at rel-
atively low cost and have been used to build barcode
libraries for local ﬂoras to address taxonomic and ecolog-
ical questions (Burgess et al. 2011; Kesanakurti et al. 2011;
de Vere et al. 2012). For example, barcoding efforts tar-
geting a broad sampling of plant taxa have shown that
species resolution is 72% using the standard rbcL+matK
barcode (CBOL Plant Working Group 2009). More recent
studies, however, using the same barcode regions for
ﬂoras of moderate phylogenetic dispersion have shown
that up to 92% of the species can be distinguished (Kress
et al. 2009; Burgess et al. 2011) and that rbcL+matK can be
used effectively in a number of diverse barcoding appli-
cations, including environmental sampling (reviewed in
Hollingsworth et al. 2011). ITS2 has shown similar dis-
criminative capabilities, with 92.7% successful identiﬁca-
tions in 6600 samples (Chen et al. 2010).
These methods have only recently been applied to the
identiﬁcation of plants based on their pollen. This may
seem surprising given themyriad applications of a rapid,
standardized pollen species identiﬁcation method, but
this late uptake is likely due to a number of real and
perceived technical difﬁculties. First, the standard DNA
barcoding loci are on the plastid genome (CBOL Plant
Working Group 2009; Hollingsworth et al. 2009). Plastids
are plant organelles with a distinct genome, which can
differentiate into several more specialized organelles, in
particular chloroplasts (Fujiwara et al. 2010). In most
ﬂowering plants this organelle is inherited maternally
and is reduced in the male germ line of the pollen grain
in many taxa (e.g., Sakamoto et al. 2008) via speciﬁc or-
ganellar degradation pathways in pollen that have been
described in detail (Matsushima et al. 2011). Following
similar observations, suggestions that plastid DNA
(ptDNA) was absent from the pollen (e.g., Willerslev et al.
2003) may have discouraged early development of pollen
DNA barcoding methods. Several studies have now
shown proof-of-concept for ampliﬁcation of ptDNA from
pollen (Galimberti et al. 2014; Hawkins et al. 2015;
Kraaijeveld et al. 2015; Richardson et al. 2015a), so this is
no longer considered an issue.
Another caveat with pollen is that samples normally
occur as mixtures of multiple species, meaning tradi-
tional Sanger-based sequencing is of little utility. One
work-around is to isolate and sequence individual pollen
grains from thesemixtures (Matsuki et al. 2007; Aziz and
Sauve 2008). This technique can be useful where ﬁne-
scale knowledge is required, but it is not practical for
large-scale application and underlies the same sorting
restrictions as morphology. Another strategy is to use
amplicon cloning techniques (e.g., Galimberti et al.
2014), but these are also labour-intensive and not com-
prehensive with respect to sampling depth. Recent im-
provements and price reductions in high-throughput
sequencing (HTS) are promising in terms of addressing
the issue of mixed-species identiﬁcation (i.e., DNA meta-
barcoding), and recent studies have demonstrated the
potential of these methods (Hawkins et al. 2015; Keller
et al. 2015; Kraaijeveld et al. 2015; Richardson et al. 2015b;
Sickel et al. 2015). These recent breakthroughs could en-
able rapid, large-scale species identiﬁcation of pollen
mixtures, with the potential to transform research in a
range of ﬁelds.
To successfully conduct DNAmetabarcoding of pollen,
four components are needed: ﬁrst, an extraction proto-
col that yields high-quality DNA template for ampliﬁca-
tion; second, a set of genetic markers that can be
successfully ampliﬁed across all seed plants (those that
produce pollen); third, a database containing reference
sequences of the aforementioned genetic markers for
the majority of seed plant species, enabling comparison
to the sequenced product; and fourth, a HTSmethod and
bioinformatic pipeline that allows the simultaneous
identiﬁcation of several species from a single mixed-
species pollen sample. In this paper, we review these
four components, evaluating the current state of the art
in pollen DNA barcoding, outlining progress on resolv-
ing technical issues, and making recommendations for
standardizing methodology. We then discuss a range of
potential future applications of pollen DNA barcoding.
Component 1: The pollen DNA template
Methodologically, current pollen DNA barcoding ap-
proaches can be delineated based on the use of tradi-
tional Sanger sequencing or the implementation ofmore
technologically advanced but less established HTS. For
both methodologies, the quality of the template is im-
portant, and is determined by the pollen collection and
DNA isolation methods. Pollen collection methods will
630 Genome Vol. 59, 2016
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vary depending on the type of study, for example polli-
nation studies would involve collecting pollen directly
from a pollinator, while air quality monitoring would
involve collecting airborne pollen. According to the type
of study, and the pollen collecting method, the quantity
of pollen may be low. Methods exist for amplifying DNA
from a single pollen grain (Petersen et al. 1996;
Matsunaga et al. 1999), allowing DNA barcoding from
such samples either through traditional Sanger sequenc-
ing or through HTS sequencing of amplicons.
Following pollen sampling, an effective DNA isolation
method is required to maximize yield. A key element of
DNA extraction is disruption of the pollen exine, which
has high structural integrity. Methods of exine disruption
include pulverization with bead-beating or TissueLyser
devices, either with or without proteinases, and (or)
mortar and pestle-based pulverization facilitated by liq-
uid nitrogen freezing. For studies investigating pollens
derived from honey samples, sample pulverization is
preceded by sample dilution and centrifugation to sepa-
rate the pollen from the highly viscous honey (Bruni
et al. 2015; Hawkins et al. 2015). It may also be possible to
use enzymatic techniques to digest the pollen exine. The
honey bee gutmicrobiome includes species that produce
pectin-degrading enzymes, enabling the digestion of pol-
len (Engel et al. 2012). Further investigation is required to
assess the potential for such enzymes in DNA extraction
from pollen. For DNA extraction, studies to date have
largely relied on proprietary kits including the QIAamp
DNA Mini Kit (Kraaijeveld et al. 2015), Qiagen DNeasy
Plant Mini Kit (Galimberti et al. 2014; Bruni et al. 2015;
Hawkins et al. 2015; Richardson et al. 2015a, 2015b), and
Machery-Nagel NucleoSpin Food Kit (Keller et al. 2015;
Sickel et al. 2015). It is, however, currently unclear to
what extent different extraction strategies are compara-
ble. Quantitative studies on DNA metabarcoding of mi-
crobiomes have found biases towards speciﬁc taxa,
depending on the DNA isolation method (Brooks et al.
2015), and similar biases may occur with pollen. The de-
velopment of a standardized pollen DNA isolation
method would ensure comparability between studies.
There are also several unresolved technical issues spe-
ciﬁc to the DNA barcoding of mixed-species pollen sam-
ples. As previously mentioned, the fact that the
consensus DNA barcoding markers are on the plastid
genome (CBOL Plant Working Group 2009) may cause
technical problems for quantitative pollen DNA barcod-
ing. Copy numbers of ptDNA in pollen likely vary
amongst species, particularly between those where the
ptDNA is inherited maternally and those where it is in-
herited biparentally or paternally. This variation is
poorly understood (Sangwan and Sangwan-Norreel 1987;
Corriveau and Coleman 1988; Nagata et al. 1999; Zhang
et al. 2003), which severely limits any quantitative infer-
ence (i.e., pollen counts of various species) from DNA
metabarcoding of mixed-species pollen samples. ITS2
suffers the same issue in terms of quantiﬁcation, and
copy number is related to both ploidy and the number of
ribosomal DNA copies in the nuclear genome, which can
be highly variable between species, between individuals
of the same species, and variation has even been re-
cordedwithin individuals due to somaticmutations (e.g.,
Rogers and Bendich 1987).
In addition to difﬁculties with quantiﬁcation of pollen
mentioned above, the variable ptDNA copy number and
variable DNA extraction efﬁciency may also exacerbate
problems of contamination. Contamination can come
from various sources, including contaminated samples,
laboratory contamination, cross-contamination of samples,
and contaminated reagents. The small size of a typical
pollen sample means that any trace of contamination
could generate a misleading result, particularly in HTS
approaches. Standard laboratory hygiene practices should
prevent contamination in typical circumstances. For more
sensitive applications, methods commonly used in ancient
DNA and forensics could also be applied to pollen DNA
barcoding to eliminate contamination fromthe laboratory,
reagents, and cross-contamination between samples (e.g.,
Champlot et al. 2010). Pollen sample decontamination
methods could take advantage of the chemical resistance
of the pollen exine (Southworth 1974; Kearns and Inouye
1993). A chemical treatment prior to pollenDNAextraction
could eliminate contamination from non-pollen plant ma-
terial and non-cellular DNA, such as PCR products.
Component 2: Genetic markers
The choice of marker and the primer set used for am-
pliﬁcation are of great importance for any DNA barcod-
ing endeavor. They dictate the scope of taxonomic
recovery, discriminatory power, and sequencing consid-
erations. In general, the universality, across seed plants,
of the ampliﬁcation primers, as well as high inter-
speciﬁc but low intra-speciﬁc variability, are the major
requirements for a successful pollen DNA barcode
marker. To date, ﬁve markers have been employed for
pollen DNA metabarcoding, including rbcL, matK, ITS2,
trnL, and trnH-psbA. See Table 1 for a summary of these
markers and their relevant attributes. It is important to
use a marker with a high degree of universality across a
broad range of taxonomic groups to avoid PCR biases,
which can lead to some taxa being preferentially ampli-
ﬁed (Shokralla et al. 2012; Taberlet et al. 2012). Trade-offs
may occur between primer universality and inter-
speciﬁc variability, with more universal markers provid-
ing lower species-level discrimination (CBOL Plant
Working Group 2009). Poor taxonomic resolution of
identiﬁcations based on single-locus barcodes using the
most universal markers (Hollingsworth et al. 2009; Kress
et al. 2009; Burgess et al. 2011; Hollingsworth et al. 2011)
has resulted in the adoption of multi-locus DNA barcod-
ing approaches within the plant barcoding community
(CBOL Plant Working Group 2009; Kress et al. 2009;
Bell et al. 631
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Burgess et al. 2011). Through such approaches, informa-
tion from multiple markers can be linked to an individ-
ual specimen, improving species-level resolution relative
to a single-marker analysis (CBOL Plant Working Group
2009; Hollingsworth et al. 2011; Kress et al. 2009; Burgess
et al. 2011). Even “unlinked,” as in a DNA metabarcoding
context, multiple markers can generate better discrimi-
natory power than one. For example, one could imagine
a sample with exactly two plant species, which have an
identical rbcL sequence but different matK sequences;
these would be easily distinguished bioinformatically.
Future efforts to improve the bioinformatics analysis
methods could resolve situations where a mixed-species
sample includes a set of species with identical rbcL se-
quence and a partially overlapping set of species with
identical matK markers, enabling automated processes
to give more accurate species counts and identities.
A number of studies have assessed the advantages and
limits of the various gene regions available for plant DNA
barcoding (CBOL Plant Working Group 2009; Ford et al.
2009; Hollingsworth et al. 2009, 2011; Chen et al. 2010). In
an effort to standardize DNA barcoding methods, the
chloroplast regions rbcL and matK were selected as bar-
code markers, based on their relative universality and
combined taxonomic resolution (CBOL Plant Working
Group 2009; Hollingsworth et al. 2011), although ITS2 has
also been recommended as a standard barcode for plant
DNA barcoding based on its higher taxonomic resolution
(Chen et al. 2010). The disadvantages of using non-coding
regions (e.g., trnH-psbA) and multiple-copy nuclear mark-
ers (e.g., ribosomal genes) in traditional sequencing tech-
nologies have been reviewed (CBOL Plant Working
Group 2009; Hollingsworth et al. 2011), although
multiple-copy nuclear markers may be less of an issue
with HTS methods. A further consideration when using
ITS2 as a barcode, however, is the potential for fungal
co-ampliﬁcation (Cheng et al. 2016). While fungal co-
ampliﬁcation can lead to sequencing failure when using
Sanger sequencing, the impact is low, but still signiﬁ-
cant. In HTSDNAmetabarcoding studies, fungal contam-
ination will be sequenced alongside the taxa of interest
(i.e., plants) and may comprise a signiﬁcant proportion
of the sequencing reads (e.g., Cornman et al. 2015). This
will not prevent sequencing and identiﬁcation of plant
species, but itmay increase the number of reads required
per sample, therefore limiting the number of samples
that can be analyzed. A recent study (Cheng et al. 2016)
assessed several existing primers for ITS2 ampliﬁcation
along with newly designed primers for their relative uni-
versality to plants and relative levels of fungal co-
ampliﬁcation.
The relative advantages and limits of different bar-
codes are mostly the same for pollen DNA barcoding as
for general plant DNA barcoding. The theoretically lower
copy number of ptDNA could decrease ampliﬁcation ef-
ﬁciency of ptDNA barcodes, although this has not been
observed in practice (Valentini et al. 2010; Galimberti
et al. 2014; Bruni et al. 2015; Hawkins et al. 2015;
Kraaijeveld et al. 2015; Richardson et al. 2015a). While
ﬁve different markers have been employed with relative
success in pollen DNA metabarcoding, only data from
rbcL, matK, ITS2, and trnL have been compared with mi-
croscopic palynology for assessment of qualitative and
quantitative consistency, and further comparisons
across a broader scope of taxa are needed. Additionally,
amplicon fragment size is important in HTS DNA me-
tabarcoding, as the read lengths in many platforms are
limited as of this writing (e.g.,600-bp paired-end reads
on the Illumina MiSeq platform; www.illumina.com).
While ITS2 and trnLhave been successfully sequenced via
HTS with sufﬁcient overlap for paired-end merging
(Kraaijeveld et al. 2015; Richardson et al. 2015b; Sickel
et al. 2015), the long amplicon length generated by stan-
dard rbcL and matK primers, as well as the length hyper-
variability of trnH-psbA, pose a technical limitation,
necessitating a redesign of primer pairs for shorter am-
plicon lengths. Future improvements in sequencing
technology are likely to increase read lengths of HTS
technologies, and may alleviate this issue in the future.
Component 3: DNA barcoding sequence reference
libraries
DNA metabarcoding relies on the completeness and
quality of the reference database used for taxonomic as-
Table 1. Summary of information available on plant DNA
barcoding markers used in pollen DNA barcoding studies.
Locus
No. of
Genbank
entriesb
Reported
length
(bp) Studies
rbcLaa 155 634 702–883c Bruni et al. 2015;
Galimberti et al. 2014;
Hawkins et al. 2015;
Richardson et al. 2015a
trnL 198 308 321–447d Kraaijeveld et al. 2015;
Valentini et al. 2010
trnH-psbA 86 828 103–1025c Bruni et al. 2015;
Galimberti et al. 2014
matK 127 990 656–861c Richardson et al. 2015a
ITS2 243 155 163–311c Keller et al. 2015;
Richardson et al. 2015a, 2015b;
Sickel et al. 2015
arbcLa has previously been denoted rbcL, but a new convention
was proposed by Dong et al. 2013 to distinguish from newly pro-
moted rbcLb.
bAccessed on 4 November 2015 using the following search param-
eters: "ITS2 OR internal transcribed spacer 2[All Fields] AND plants-
[ﬁlter]"; "rbcL OR rbc-L or Rubisco [All Fields] AND plants[ﬁlter]";
"trnL OR trn-L OR trnL-trnF [All Fields] AND plants[ﬁlter]"; "trnH OR
trn-H OR trnH-psbA OR psbA-trnH [All Fields] AND plants[ﬁlter]";
"matK OR mat-K OR maturase K [All Fields] AND plants[ﬁlter]".
cRange reported in Chen et al. (2010) and subject to primer set
used and species ampliﬁed.
dRange reported in Kress et al. (2005) and subject to primer set
used and species ampliﬁed.
632 Genome Vol. 59, 2016
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signments. Ideally, reference databases would have com-
plete representation of all taxa from a given habitat,
withmanually curated and veriﬁed reference sequences,
especially for DNA metabarcoding purposes. This is an
ambitious task for most habitats and in most cases is
only applicable where a speciﬁc list of species of interest
is being investigated, and other species can be neglected.
A current compromise is to rely on public sequence da-
tabases that may contain high coverage of species for a
given habitat. For plants, the largest sources for refer-
ence sequencing data are the redundant repositories
NCBI (Benson et al. 2015), EMBL (Squizzato et al. 2015),
and DDBJ (Mashima et al. 2015). There are over 32million
vascular plant nucleotide sequences deposited, although
only a fraction of these represent DNA barcoding mark-
ers (see Table 1 for the number of sequences associated
with each of the standard DNA barcoding markers). Sec-
ondary databases obtain their data mostly by searching
this raw-data for speciﬁc markers and extracting se-
quences, and improve the quality by different ap-
proaches (BOLD, www.boldsystems.org; ITS2-database,
Ankenbrand et al. 2015). BOLD hosts additional barcodes
beyond these extracted sequences that researchers have
deposited directly. For example, BOLD contains 96 744
matK, 97 380 ITS2, and 84 132 rbcL sequences for plants,
and the ITS2-database contains 199 932 ITS2 sequences
(access dates: 9 November 2015). Regardless of the da-
tabase used, all are far from complete where many
sequences are missing species-level taxonomic infor-
mation and the quantity of data per species varies
largely. According to Ankenbrand et al. (2015), 72% of
known US plant species are represented in the ITS2 da-
tabase, and many other bioregions are likely less well
sampled. An additional drawback for using such data-
bases is that misidentiﬁcations, intra-speciﬁc variation,
sequencing errors, and other issues are present in such
repositories and not easily inferable. The consequence is
that reads obtained from DNA barcoding may be
wrongly assigned in such cases. Errors in reference data-
bases hamper automated species identiﬁcations from
bioinformatics “pipelines”.
Component 4: Sequencing methodologies and
bioinformatics pipelines
Sequencing methodologies for pollen DNA barcoding
have changed over time. Early studies typically relied on
either direct Sanger sequencing of puriﬁed PCR ampli-
cons (Longhi et al. 2009; Wilson et al. 2010), for single-
species barcoding, or else, for multi-species samples,
Sanger sequencing of amplicon clones randomly se-
lected from PCR products (Galimberti et al. 2014; Bruni
et al. 2015). The latter hasmostly been superseded byHTS
approaches for DNA metabarcoding. More recent HTS-
based studies have employed one of three major se-
quencing library preparation strategies: ligation-based
“tagmentation” kits (Richardson et al. 2015a, 2015b), sin-
gly indexed barcoded primers (Valentini et al. 2010;
Hawkins et al. 2015; Keller et al. 2015; Kraaijeveld et al.
2015), or dual-indexed barcoded primers (Sickel et al.
2015). The dual-indexing approach described in Sickel
et al. (2015), adapted from Kozich et al. (2013), shows
great promise for facilitating library preparation for
large studies while reducing multiplexing cost and in-
creasing laboratory efﬁciency. With the large amount of
sequencing coverage afforded by HTS platforms, such
library preparation techniques allow the sequencing of
many sample libraries on a single sequencing run, reduc-
ing cost and minimizing sequencing coverage waste.
Still, we continue to have a poor idea of sequencing
depth needed for sufﬁcient detection of species present
in a sample, which will vary with number of pollen
grains per sample in addition to a range of other param-
eters. Thus, the number of samples per HTS reaction
should be considered thoughtfully. As a ﬁrst guideline,
Sickel et al. (2015) report 2000–3000 high-quality reads to
be adequate to describe bee-collected samples with up to
80 taxa included. Lastly, pollen metabarcoding has been
successfully conducted using a variety of platforms in-
cluding Ion Torrent (Kraaijeveld et al. 2015), Roche 454
(Valentini et al. 2010; Hawkins et al. 2015; Keller et al.
2015), and Illumina (Richardson et al. 2015a, 2015b; Sickel
et al. 2015); however, with increased relative throughput,
accurate homopolymer sequencing and increasing
length capabilities, we see Illumina as the current plat-
form of choice for PCR-based approaches.
Althoughmixed-amplicon sequencing is currently the
most feasible method for mixed-species DNA barcoding,
reliance on PCR ampliﬁcation has some disadvantages. A
potential source of error comes from the PCR ampliﬁca-
tion step (Pompanon et al. 2012). Some species, especially
those present in low quantities, can be missed out when
a mixed sample is ampliﬁed (Hajibabaei et al. 2012;
Gibson et al. 2014). Techniques are being developed that
avoid the PCR stage altogether, such as using shotgun
sequencing with subsequent recovery of DNA barcode
markers or even whole chloroplasts (Kane et al. 2012;
Taberlet et al. 2012; Ji et al. 2013; Tang et al. 2014). Such
methods could improve the accuracy of mixed-species
DNA barcoding, both for species identiﬁcation and quan-
tiﬁcation. Single-molecule sequencing methods could
also eliminate the PCR stage (Roberts et al. 2013). These
methods have a high, but random, error rate, which
makes them currently less feasible for identifying spe-
cies based on a DNA marker barcode.
TheHTSmethods described above produce large quan-
tities of data, which need to be analysed with an efﬁcient
and accurate bioinformatics procedure. The develop-
ment of a standardized bioinformatic pipeline for plant
DNAmetabarcoding is an important step in the develop-
ment of pollen metabarcoding, since many laboratories
operate onmodest budgets and do not have bioinformat-
ics specialists. There are web-based bioinformatics pipe-
lines and sequence reference libraries for microbial
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metagenomics that allow convenient, rapid assignment
of sequencemixes to taxonomic units (Meyer et al. 2008).
Recent, publicly available pipeline developments for the
ITS2 marker (Keller et al. 2015; Sickel et al. 2015) repre-
sent a major improvement in bioinformatics capability
and standardization for plant DNA metabarcoding. The
development of bioinformatics pipelines is not trivial,
and there are some technical issues that need to be re-
solved. For example, bioinformatics pipelines need to be
robust to errors in reference databases. Best-hit ap-
proaches (e.g., Altschul et al. 1990) are problematic when
misidentiﬁed references are matched or the sequences
of interest are not represented in the database, whilst
classiﬁers such as UTAX (Edgar 2013) or RDP (Wang et al.
2007) are more resilient in both regards. Speciﬁcally,
these classiﬁers hierarchically assign taxonomic infor-
mation tomake a decision about taxonomic identity and
are dependent on a conﬁdence threshold for each Lin-
nean taxonomic level. On the other hand, the output of
classiﬁers may contain wrong information when train-
ing bases on misclassiﬁed or identical sequences belong-
ing to different taxa, since the output does not display
alternative assignments in such cases. In every case, run-
time and computational power required for this process
can be reduced by the pre-clustering of taxonomic units
prior to assignments. Commonly used algorithms, such
as UCLUST (Edgar 2010) or MOTHUR (Schloss et al. 2009),
require constant read length as the input is regarded as
aligned, which can be impractical for markers such as
ITS2 that show high sequence length variability. Overall,
these automatic procedures help to bring information to
a massive amount of data, but the resulting assignments
require cross-checking between assignment methods.
Fully automated identiﬁcations are possible, but should
be regarded with caution, and checked using any avail-
able biological or biogeographic knowledge to assess po-
tential for misidentiﬁcations. There is considerable
scope for future improvements in this area, including
expansion to all of the standard plant barcoding loci,
incorporating sequence data from both BOLD and NCBI,
and further automated analyses.
Applications of pollen DNA barcoding and
metabarcoding
Following the recent methodological developments in
the DNA barcoding of pollen and pollen DNA metabar-
coding, these methods have been used in novel applica-
tions, including pollination biology (Galimberti et al.
2014; Keller et al. 2015; Richardson et al. 2015a; Sickel
et al. 2015), food provenance monitoring (Bruni et al.
2015; Hawkins et al. 2015), and airborne allergen moni-
toring (Kraaijeveld et al. 2015). Several other applications
are already feasible with the current technology, but
they are yet to be applied. Here we consider a number of
potential and realized ecological and socio-economic ap-
plications that are within the ﬁelds of ecology, prove-
nance tracking, human health, and palaeobiology.
Plant–pollinator interactions over space and time
The movement of pollen is of importance to the long-
term structure and function of plant communities,
whether natural or managed (Biesmeijer et al. 2006;
Klein et al. 2007; Ricketts et al. 2008; Jordano 2010). Ad-
vances in pollen DNA metabarcoding could afford re-
searchers a more highly resolved understanding of
pollination biology at broader scales and greater sam-
pling intensities than previously possible, by enabling
characterization of complex pollen assemblages col-
lected from either pollinators or plant stigmatic sur-
faces. Further, pollenmetabarcoding is likely to enhance
taxonomic resolution and sensitivity for studies investi-
gating ecological phenomena such as plant–pollinator
networks, facilitation or competition between plants or
pollinators, and plant biogeography.
Additionally, broad patterns in plant–pollinator bi-
ology over space and time could be explored. These
include application to anthropogenic environmental
landscape changes, such as habitat fragmentation
(e.g., Steffan-Dewenter 2003; Brosi et al. 2008) and cli-
mate change (e.g., Walther et al. 2002; Inouye 2008;
Hegland et al. 2009). Such work could particularly take
advantage of historical specimen collections, especially
of insect pollinators, many of which were carrying pol-
len when collected. Specimens are typically labeled with
descriptors such as date and place of collection, the col-
lector, and sometimes their association, such as the
plants on which they were collected (Pennisi 2000). The
use of DNA metabarcoding to track changes in plant
communities, and plant–pollinator interactions, over
time, is likely particularly valuable in terms of its poten-
tial to generate results with conservation implications,
such as community reference states for ecological resto-
ration projects.
Ancient pollen DNA barcoding
The study of fossil pollen has various applications in
paleoecology, archaeology, as well as anthropology, in-
cluding the reconstruction of ancient plant communities
(Jørgensen et al. 2012a; Pedersen et al. 2013), the study of
population dynamics in single plant species (Parducci
et al. 2005; Magyari et al. 2011), and the investigation of
biodiversity with the aim of endemic species conserva-
tion (Wilmshurst et al. 2014) inter alia. Mathewes (2006)
also showed how the study of ancient pollen plays an
important role in forensics (see Forensic palynology sec-
tion, below). Applying ancient DNA methods has the po-
tential to improve efﬁciency and accuracy of ancient
pollen identiﬁcations over traditional microscopy-based
methods.
Most ancient DNA barcoding studies have used sedi-
mentary ancient DNA (sedaDNA) to provide complemen-
tary data to macrofossil identiﬁcation and classic
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palynology (Jørgensen et al. 2012a; Parducci et al. 2013;
Pedersen et al. 2013). A signiﬁcant amount of pollen is
likely present in the samples taken, together with plant
fragments and anything else present in the sediment.
Parducci et al. (2013) showed that sedaDNA metabarcod-
ing is better at detecting plants that produce restricted
amounts of pollen, taxa that are difﬁcult to identify with
palynology, and rare plants. It is not certain whether the
result is from pollen, or DNA from other parts of plants
taken from the sediment sample. Within pollen grains,
DNA can be preserved for millennia if environmental
conditions are suitable. The presence of DNA in fossil
pollen can be conﬁrmed with speciﬁc dyes, and Suyama
et al. (1996) were able to extract DNA from pollen
150 000 years old.
This genetic tool could be used to identify pollen sam-
ples that have been either left unidentiﬁed or have been
partially identiﬁed microscopically but warrant further
investigation, such as in forensic cases (Bell et al. 2016)
and paleobotany (Suyama et al. 1996). Challenges remain
in applying DNA metabarcoding to ancient pollen DNA.
Degradation due to hydrolysis and oxidation in metabol-
ically inactive cells complicates ampliﬁcation of ancient
DNA, making it very hard to obtain ampliﬁcation prod-
ucts that exceed 500 base pairs (bp) (Paabo 1989;
Willerslev and Cooper 2005). Therefore, paleoecologists
have adapted standard barcoding methods, especially
through the use of “mini-barcodes” comprised of shorter
amplicons (Jørgensen et al. 2012a, 2012b; Parducci et al.
2013; Wilmshurst et al. 2014). The most commonly used
plantmini-barcode is the P6 loop of the trnL intron in the
chloroplast (Taberlet et al. 2007). In many ancient appli-
cations, using multiple markers could potentially pro-
vide a much clearer picture of past vegetation. For
example, the trnLmini-barcode provides accurate resolu-
tion at family level (Taberlet et al. 2007). Similar levels of
resolution have been noted for mini-barcodes based on
rbcL (Little 2014). Plant mini-barcode marker develop-
ment is a key need in terms of increasing the accuracy
of taxon identiﬁcation in ancient DNA. Additionally,
comparative sequence databases need to be expanded
to include now-extinct plants, which is admittedly
challenging.
Food quality and provenance monitoring
Pollen DNAmetabarcoding also has the potential to be
widely applied to studies of food provenance and quality.
Pollen is a nearly ubiquitous environmental biomarker
and most foodstuffs (and other products) are likely to
contain pollen that can be used to trace the geographic
and potentially temporal provenance of products. The
clearest application is in tracing the geographic and bo-
tanical origins of honey, given its derivation from ﬂow-
ers. Honey is a high-value nutritional product and its
taste, food quality, and safety differ depending on the
plants the honeybees have foraged upon (Crane 1975).
Product labeling guidelines therefore often require the
ﬂoral source of commercially sold honey to be declared
(Bruni et al. 2015). Honeys labeled as monoﬂoral differ
frommultiﬂoral honeys by the dominance of nectar and
pollen from a single plant species. Honeys are classiﬁed
as monoﬂoral if the pollen content of one species is
greater than 45% (Anklam 1998). Monoﬂoral honeys of-
ten have higher commercial value and are therefore
prone to fraudulent adulterations and incorrect labeling
(PersanoOddo and Bogdanov 2004). Food safety and qual-
ity is also of concern as pollen from poisonous plants can
sometimes be found within honey, for example Atropa
belladonna (Bruni et al. 2015). Hepatotoxic pyrrolizidine
alkaloids (PAs) have been detected in honeys after bees
have foraged on plants within the Boraginaceae (Edgar
et al. 2002). Poisoning by “mad honey” has been docu-
mented, caused by eating honey containing grayanotox-
ins arising from Rhododendron spp. (Koca and Koca 2007).
Understanding the botanical proﬁle of honey is there-
fore very important to ensure that products are of high
quality, and safe for the consumer (Olivieri et al. 2012).
As with other applications, DNA barcoding applica-
tions hold considerable promise over traditional melis-
sopalynology, the examination of pollen found within
honey using light microscopy (Louveaux et al. 1978;
Bruni et al. 2015). Laube et al. (2010) successfully used
real-time PCR to identify different plant species fre-
quently found within Corsican honey, but this method
requires an a priori knowledge of the species likely to be
found. Galimberti et al. (2014) and Bruni et al. (2015) am-
pliﬁed the rbcL and trnH-psbA plastid markers to identify
the ﬂoral composition of honey from the Italian Alps.
Their method used cloning to sequence individual am-
plicons, which places limits on the depth of sequencing
that can be achieved. Valentini et al. (2010) trialed the use
of pyrosequencing amplicons of the trnL (UAA) intron to
characterize two commercial honeys. Hawkins et al.
(2015) used the rbcL marker and 454 pyrosequencing to
characterize nine honeys from domestic beekeepers in
the UK. They showed that DNA metabarcoding provided
much greater levels of repeatability compared to melis-
sopalynology.
Airborne allergen monitoring
Plant pollen is one of themajor allergens contributing
to respiratory disease, and causes a substantial economic
burden in terms of the number of drugs purchased, clin-
ics visited, and loss of productivity due to employees
being absent from work (D’Amato et al. 2005; Davies
et al. 2015). Disease symptom severity differs based on
the taxonomic origin of the pollen allergen (Hrabina
et al. 2008) and the aeroallergen concentration (Hrabina
et al. 2008; Erbas et al. 2012). Both patients and health
services have more control over health problems when
they have access to this information (Davies et al. 2015;
Kraaijeveld et al. 2015). Many pollen-monitoring pro-
grams have been implemented to date, but the current
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methodology usedmakes themunsuitable to implement
in continent-wide networks (Kraaijeveld et al. 2015).
Pollen monitoring is mainly performed by volumetric
pollen samplers, whirling arm samplers, or passive sam-
plers. National pollen monitoring networks often use
Hirst-type volumetric samplers that inspire ambient air
and immobilize particulates on sticky tape (Scheiﬁnger
et al. 2013). Microscopic counting and taxonomic identi-
ﬁcation of pollen are then performed on the tape, often
after staining with appropriate dyes, with the same lim-
itations of microscopic identiﬁcation we have previously
described.
DNA metabarcoding has been successfully used to
make species-level identiﬁcations of airborne pollen
for the monitoring of allergens in the Netherlands
(Kraaijeveld et al. 2015). Pollen samples were obtained by
volumetric samplers, and a comparison drawn be-
tween microscopic palynology and DNA analyses. In-
creased taxonomic resolution among classiﬁcations
was achieved using DNA metabarcoding, while micros-
copy could only identify pollen to family level in many
cases. One possible extension speciﬁc to aerobiological
monitoring is taxonomic expansion from simply identi-
fying pollen, to monitoring for occurrences of certain
bacteria or fungi of health interest.
Forensic palynology
Forensic palynology is the use of pollen to link persons
or objects with particular places and times (Horrocks and
Walsh 1998; Taylor and Skene 2003; Bryant and Jones
2006; Mathewes 2006). This technique is of great utility
to forensics because (i) pollen is a nearly ubiquitous
feature of the environment; (ii) different geographic
locations have different pollen signatures, allowing
for inference related to spatial tracking; (iii) plants
ﬂower at different times, allowing for temporal infer-
ence; and (iv) pollen is extremely durable (hence its wide-
spread use in paleontological studies) and thus can be
utilized for forensic studies for decades or longer after
sample collection (Horrocks andWalsh 1998; Bryant and
Jones 2006; Mathewes 2006; Mildenhall 2006; Mildenhall
et al. 2006; Wiltshire 2006; Walsh and Horrocks 2008).
Like many other palynological applications, forensic
palynology as currently practiced is reliant on visual mi-
croscopic identiﬁcation of pollen grains by an expert pa-
lynologist (Bryant and Jones 2006; Mildenhall et al. 2006;
Walsh and Horrocks 2008), and DNA metabarcoding
could very likely increase its applicability to a broader
range of situations (Bell et al. 2016). For example, forensic
palynology could take greater advantage of DNA barcod-
ing when combined with a universal database of geo-
graphic and temporal knowledge of plants (Goodman
et al. 2015). Such a database could also be of potential
utility to ﬁelds outside of forensics (airborne pollenmon-
itoring for allergens, pollination biology, biodiversity in-
ventories, and potentially even monitoring of plant
populations).
As with any genetic analysis, DNA barcoding requires
destructive sampling of pollen grains, which means the
pollen can no longer be analyzed with morphological
methods, including examination of other particles such
as biosilicates, ashes, etc. One possible work-around to
this issue is to split pollen samples into partitions for
DNA extraction, morphological examination, and per-
manent storage. Comparing the results of the DNA
barcoding and morphological identiﬁcations for con-
sistency could validate the accuracy of this approach.
Although work is needed on these technical issues, and
others including in some cases adaptations for very small
samples, the method is very close to being feasible for
routine analysis in forensics, and improvements are oc-
curring rapidly. We envision that DNA metabarcoding
will greatly expand the use of pollen as a biomarker,
giving forensic scientists new leads and evidence toward
enhancing global security and justice.
The future of pollen DNA metabarcoding
Applications of pollen DNA barcoding and metabar-
coding are by no means limited to the above-mentioned
examples. Other applications may include assessments
of pollination efﬁciency of wind-pollinated plant species,
monitoring gene ﬂow between populations and be-
tween hybridizing species, monitoring climate change
via changes in plant phenology, and many more. Pollen
DNAbarcoding andmetabarcodingmethods are likely to
become applicable to an increasingly broad range of re-
search questions as technical issues are resolved and lab-
oratory techniques and bioinformatics pipelines become
more standardized and user friendly. Clearly, the case
studies outlined above demonstrate that there is great
potential for the use of pollen DNA barcoding in a wide
variety of ecological and socio-economic applications. In
particular, the development of pollen barcoding technol-
ogy could be of immediate beneﬁt to address questions
in pollination biology, climate change, invasive species,
plant conservation, and agriculture. Moreover, making
data available is of high importance for issues related to
environmental protection, human health, and food se-
curity. Technical developments to make methods more
precise, consistent, and quantitative will go a longway to
facilitating the DNA barcoding of pollen and future ap-
plications.
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